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ABSTIACT 
The fluorochrome mithromycin has been used fort.he first time to 
monitor t.he progress or zygot.lc nuclear fusion during the sexual cycle 
or Chlamydomonu reinhardtii. Hithraaiycin, reported to bind 
selectively to DNA (Coleman, et al., 1981, Ward, 1965), permits clear 
localization or cell nuclei within f.:. reinhardtii sexual stages: 
gametes, immature binucleate zygotes, zygotes with fusing nuclei and 
mature zygotes with fused nuclei (synkaryons). Samples of mating 
populations were assayed periodically for immature binucleate or 
mature uninucleate zygotes. This procedure has provided the following 
new information: nuclear fusion may occur within 30 min. of gamete 
mixing, one half of the zygote population has either engaged in or has 
completed nuclear fusion within 180 min. of initial mixing and at 240 
min., 70-80S of the zygote population is in mature uninucleate form. 
This assay has permitted resolution of the nuclear fusion process at 
the population level and established syngamy kinetics for an 
asynchronous mating mixture. 
lntODUCTION 
One or the central events in the rertilization process or sexual 
eukaryotes is syngamy, operationally defined as the fusion or haploid 
gametic nuclei. The syngamy process may include a complex set of 
reactions leading to the formation of the mature zygote or synkaryon. 
Discrete steps such as nuclear orientation, nuclear migration and 
outer and inner membrane fusions may be necessary before internal 
nuclear components become contiguous. The union of the pronuclei is 
prerequisite to ruture meiosis which in many systems represents the 
major opportunity for genetic recombination. This study explores 
syngamy events and kinetics during the sexual cycle of a single-celled 
alga with the purpose of furthering the understanding of this 
important event. 
The lifecycle of the heterothallic Chlamydomonas reinhardtii 
provides an opportunity to study zygotic nuclear fusion in haplontic 
algae. The mating process of this organism has been extensively 
characterized (see Fig. 1 and review, Goodenough, 1977). When 
opposite mating types are mixed, gametes aggregate and then pair by 
means of surface components of the flagella (Wiese, 1965, Goodenough 
and Jurivich, 1978, Snell, 1976, Bloodgood, et al., 1979, Musgrave et 
al., 1981, Solter and Gibor, 1977). Gamete cell walls are shed into 
the surrounding medium (Claes, 1971, Claes, 1980, Snell, 1982, 
Matsuda, et al., 1978, Solter, et al., 1980); concurrently, growth of 
a cytoplasmic tubule filled with microfilaments is initiated from the 
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mating type(+) gamete to the mating type(-) gomete (Goodenough and 
Weiss, 1975, Goodenough, et al., 1982, Triemer and Brown, 1975). It 
has been suggested that these microfiloments may extend into the 
nuclear area or the mating type (-) gamete (Triemer and Brown, 1975). 
The cytoplasmic tubule widens and the copulants jack-knife to ruse 
laterally, forming a spherical zygote capable of swimming by the four 
anterior flagella (Smith, 1950). During the next few hours, zygotes 
withdraw the flagella (Cavalier-Smith, 1974), begin secretion or wall 
material and undergo nuclear and chloroplast fusion (Cavalier-Sm! th, 
1970, Blank, et al., 1978, Coleman and Maguire, 1983). The outer 
fibrous wall material causes zygote adhesion and clumping when in 
liquid environments, forming a zygote "skin" on the fluid surface 
(Cavalier-Smith, 1976). After a dormancy period, cells undergo 
meiosis and release four haploid zoospores, reinitiating the 
vegetative cycle (Lewin, 1949, Van Winkle-Swift, 1977, Cain, 1980). 
Some small proportion of zygotes divide mitotically, producing stable 
diploid progeny {Ebersold, 1956). 
This study has utilized fluorescent microscopy to provide 
information concerning the progress of syngamy in c. reinhardtii at 
the population al level under controlled laboratory conditions. The 
course of nuclear fusion has been monitored by periodic determination 
of both zygote formation and binucleate zygote disappearance. This 
investigation complements the ultrastructural studies of individual~ 
reinhardtii zygotes (Cavalier-Smith, 1970, Blank, et al., 1978) which 
4 
have furniahed 111orphologicnl det.ails of nuchar fusion but. could not 
represent population characteristics due to small snmple size. 
Applicability to large sample size, minimal preparation time, 
high specificity and intense fluorescence have made a DNA binding 
fluorochrome our method of choice. Fluorochromes such as DAPJ (4'-6-
diamidino-2-phenylindole), its derivative, DJPJ and Hoechst 33258 are 
similar in structure and staining properties. They bind to linear 
polymers with phosphate backbones and exhibit much enhanced 
fluoresence with double stranded DNA containing A-T rich regions 
(Coleman, 1979). The antibiotic mithramycin also forms complexes with 
linear DNA but with an absolute base specificity for guanine, 
requiring only Mg++ in a 1: 1 molar equivalence with antibiotic 
concentration to promote maximum interaction with DNA (Ward, et al., 
1965). The fluorescence levels of these dyes have been shown to be 
proportional to the concentration of DNA of comparable base 
composition without effects from cell cycle status (Coleman, 1981, 
Crissman and Tobey, 1974). 
DAPI has been sucessfully employed with ~ reinhardtii zygotes 
to follow the disappearance of mating type (-) chloroplast nucleoids, 
lending morphological support to the current theory of maternal 
inheritance of chloroplast genes (Kuroiwa, et al., 1982, Coleman and 
Maguire, 1983). The strong DAPI fluorescence from Chlamydomonas 
chloroplast DNA may result in part from the high (65 S) A-T 
composition (Sager, 1972). We have chosen mithramycin due to the high 
(65 S) G-C composition of nuclear DNA (Sager, 1972) and the intense 
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fluorescence of the m1thramyc1n stained nuclei which allows 
visualization without the use of sophisticated eptrluorcscent 
equipnent. 
Development of this system may allow investigation of both the 
mechanism and regulatory control of syngamy in this alga. While 
syngamy is being explored in animal systems (see review, Shatten, 
1982), comparable research with protists has been minimal. Studies 
with sea urchin have revealed a cytoplasmic aster arising in the 
fertilized egg from a centriole delivered by the spermatozoan (Bestor 
and Shatten, 1981). The aster appears responsible for the oriented 
movement of the female nucleus preceding nuclear adjacency. The aster 
is sensitive to microtubule inhibitors and has been labeled by anti-
tubulin immunofluorescence (Shatten, et al., 1982, Shatten, et al., 
1981, Zimmerman and Zimmerman, 1967, Shatten, et al., 1982). It is 
possible that a homologous mechanism may operate in certain protists. 
However, the involvement of other cytoskeletal elements such as 
microfilaments and intermediary filaments should not be overlooked. 
The regulation of the activities of cytoskeletal elements by ca•• 
ion concentration, in some cases mediated by the protein calmodulin, 
has been suggested by various investigators (Marcum, et al., 1978, 
Cheung, 1982, Means, et al., 1982). The ca••-calmodulin system has 
also been implicated in fertilization events (see review, Jaffe, 
1980). Several studies have suggested the involvement of ca++ ions in 
the mating process of Chlamydomonas (Goode-nough, 1980, Detmers, et ·-~··· ... 
al., 1982, Snell, et al., 1982, Bloodgood and Levin, 1983) and 
6 
calmodulin has been purified from both the rlagellar apparatus and the 
cell body (Gitelman and Witman, 1980). While evidence indicates that 
the Ca++ -calmodulin system may have important signaling and 
transduction functions during initial mating, the extent or the 
system's influence on later developmental events such as syngamy is 
not known. 
Future applications of this assay include the introduction of 
specific inhibitors to probe the mechanistic and regulatory aspects of 
syngamy in c. reinhardtii. These studies would provide further 
understanding of the developmental events which follow the initiation 
of fertilization. 
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MATERIALS AID NE11f00., 
STRAIN AND CULTURE CONDITIONS 
Vegetative culture of Chlamydomonas reinhardtii, strain 137c, 
mating types(+) and(-), were routinely maintained on agar slants of 
half strength high salt medium (1/2 HSH) modified from that of Sueoka 
et al., 1967. All 1/2 HSH media were supplemented with trace metals 
solution modified from that of Jones (1962) by substitution of 
equimolar trace metals concentrations of cuso4 for CuC12 and of NaHo04 
for (NH4)6Ho7o24 ; also supplemented with a final concentration of 
0.001 S (w/v) FeCli6H2o. Slant cultures were grown under a 12/12 hr. 
light (60 microEinsteins m-2 sec-1)/dark cycle at 25°c. 
GAMETOGENESIS 
Gametes were raised by an agar plate method modified from that 
of Sager and Granick (1954). Slant grown cells were transferred to 
liquid 1 /2 HSM culture for 2-3 days growth in continuous light ( 110 
microEinsteins m-2 sec-1) at 25 ° c. Samples (0.1 ml) from such 
cultures were plated on 1/2 HSM, 1.5 Sagar, and allowed 6-8 days 
growth in continuous light or 12-24 days growth with 12/12 hr. 
0 light/dark cycling at 25 C. Plated cells were harvested into liquid 
nitrogen-free 1/2 HSM and placed in continuous light (310 
microEinsteins m-2 sec-1) 18 hrs. before use to induce gametogenesis. 
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HATING AND MICROSCOPIC EVALUATION 
Gametic cultures were adjusted to equal cell densities of 2-3 x 
106 cells/ml before mating. Hating mixtures were established by 
pipetting 1.0 ml of each(+) and(-) cell cultures into test tubes 
(designated time O). The mating mixtures were kept in continuous 
2 -1 o light (310 microEinsteins m- sec ) at 25 C throughout the 
experimental period. The mating mixture was mixed by vortex for 30 
sec. prior to all sampling. 
Samples of two types were removed periodically throughout the 
experimental incubation for evaluation by several microscopic methods. 
A 0.2 ml sample was withdrawn and diluted 1:1 with 0.5 S 
glutaraldehyde. This sample was used to estimate a) population 
density by hemocytometer technique and b) the relative abundance of 
bi- and quadri-flagellate cells by darkfield and differential 
interference contrast microscopy (see Table 1). Examinations for 
biflagellate-quadriflagellate quantitation utilized thin preparations 
of mating samples and an ocular Whipple disk. Three to five separate 
fields (300x) were counted, scoring 100-300 cells/sample. Zygote 
clumps were estimated directly. 
For fluorescent characterization of nuclei (see Table 1), 
samples of 0.5 ml were withdrawn from the mating mixture and diluted 
2: 1 with 2.0 % glutaraldehyde, centrifuged briefly and resuspended in 
9 
Table 1. Description of Hat.1ng St&ges Used for Quant! tat.ive Analyses. Somple data from two microscopic methods were needed to provide values for Zun• DIC and darkfield gave flagellar resolution; fluorescent technique provided nuclear resolution. 
dark field 
and DIC 
microscopy 
BFs 
mating 
staae 
~@ 
descriptive 
terms 
bi flagellate 
cell, 
gamete, 
mating pop., 
time= 0 
fluorescent 
microscopy 
calculated 
values• 
--------------------------------------------------------------------1 QFs 
BFs + QFs 
prozygote, 
quadriflagellate 
cell, 
binucleate 
zygote 
mature zygote, 
synkaryon, 
quadriflagellate 
cell, 
uninucleate zygote, 
diploid cell 
mating pop., 
time> O 
total cells 
sampled 
* Synkaryons could not be distinguished from gametes due to size and 
shape variability, therefore values for 2 and Zun were 
calculated by the following equations: s 
QFs 
= QFs + BFs 
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distilled water, Samples were gently heated or air dried onto 
slides. Slides were stained with mithramycin (Sigma Chemical Co) at 
50 ug/ml in 0, 1 H sodium phosphate buffer, pH 7,0, containing lOmH 
magnesium sulfate (Coleman et al., 1981), Coverslips were added, 
excess stain was removed and coverslips were sealed with nail polish. 
Samples were viewed with the oil immersion optics of a Leitz Ortholux 
transmission UV microscope using the filter combination 812, BG38 and 
barrier 530 nm. Ten fields/sample were phtographed with either Kodak 
Tri-X 400, Ektachrome 400 or Kodacolor VR 400 films. 
During fluorescent examination of cell populations, there exists 
a stereological problem of viewing a binucleate zygote "head on", with 
one nucleus positioned behind the other. This results in fewer 
binucleates being scored than are truly present, However, 30 min. 
samples (data not shown) reveal that approximately 100 I of the zygote 
population is composed of binucleates. This high resolution suggests 
the problem to be small in magnitude. Any error of this nature would 
be consistent over time. Overlapping nuclei are often separated by a 
thin gray line at the edge of the forward nucleus and therefore, may 
be distinguished from fusing nuclei on film. 
QUANTITATIVE ANALYSES 
Replicate hemocytometer counts were used intially to determine 
11 
both the 111at.lng efficiency , HE , (Suoeka, 1967) and the zygote 
pert.ion of the mating population: 
HE , 2 ( 1 - ~) x 100 
It should be noted that: 
where: N0 = I of cells/1111 at time= 0 
Nt = I of cells/ml at time= t 
Zt = I of zygotes/ml at time= t. 
(Sueoka, 1967). (1) 
(2) 
This method is subject to error in various forms. The standard 
error, standard deviation x n-0.5, for replicate hemocytometer counts 
is 1.4 x 105 cells/ml for quadruple counts when examining a culture 
with a density of 2-3 x 106 cells/ml. This constitutes an error 
factor of 10 %. Additional error results from the tendency of zygotes 
to clump after 150 min. The capillary action of hemocytometer 
technique precludes the introduction of large clumps into the grid 
area. This results in an underestimate of total cell number and 
appears as an increase in mating efficiency values which may not 
represent true mating. Incubation of late samples with trypsin 
(Bovine Pancreas Type I, Sigma Chemical Co., 0.4 mg/ml for 20 min.) 
did not effectively reduce zygote clumping. 
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Hating efficiency (Fig. 13) was subsequently calculated by the 
equation or Hartin and Goodenough, 1975: 
HE: 2 (QFs) x 100, 
2 (QFs) + BFs 
where: QFs = I or quadriflagellate cells, and 
BFs = I or biflagellate cells. 
(3) 
This method does not rely on absolute cell densities but on relative 
frequencies of biflagellate and quadriflagellate cells. 
Fluorescent microscopic examination of mating samples generated 
two immediate numbers: 
Ns = total cells sampled, and 
Zbi = binucleate cells sampled, necessarily zygotes. 
Uninucleate zygotes (synkaryons) could not be distinguished from 
gametic cells under our fluorescent conditions due to size variability 
and lack of flagellar resolution. Therefore, the 
quadriflagellate/biflagellate ratio was used to estimate the 
proportion of zygotes in Ns at each sampling time: 
QFs 
= (4) QFs + BFs 
where: Zs= the estimated number of zygotes in the fluorescent 
sample. Rearranging to isolate Zs yields: 
13 
= 
QFs + BFs 
Once Zs is available, then the number of zygotes which have fused 
nuclei can be estimated from: 
(5) 
where Zun = the estimated number of uninucleate zygotes (synkaryons) 
in the fluorescent sample. The ratio of Zun/Zs at each sampling time 
is now defined as the instantaneous index of syngamy, S, 
z 
s 
= s. (6) 
In order to relate data of different samples and experiments it 
was necessary to calculate population values (cells/ml). Since mating 
mixtures had been initiated in the range of 2.5 - 3.5 x 106 cells/ml, 
a value of 3.0 x 106 cells/ml was chosen to represent original density 
for all experiments and all data was transformed accordingly. The 
mating efficiency equation (3) was then used with the transformed data 
to yield zygote population values as follows: 
2 {QFs) = ME. 
2 (QFs) + BFs 
Since 2(QFs) + BFs represents the original population, 3.0 x 10 6 
cells/ml may be substituted, 
14 
2 (QFs) : HE, 
3,0 x 106 cells/ml 
Hating efficiency values, calculated earlier from the 
biflagellate/quadriflagcllate observations can then be substituted: 
2 (QFs) 
= some mating efficiency, a. 
3.0 x 106cells/ml 
Isolating QFs yields: 
QFs = (a) (3.0 x 10
6cells/ml) 
------------ . 
Since this represents a QFs population value rather than an individual 
sample value, the designation of I will be subsequently used to 
distinguish between the two, thus the previous equation reads: 
QFs' = (a) (3.0 x 10
6cells/ml) 
To obtain a population value for uninucleate zygotes, QFs' is 
multiplied by the instantaneous index of syngamy, s, to yield Zun'• 
QFs' x s = zun ' • · (7) 
Zbi' was calculated by: 
QFs 1 x z (8) 
s 
All figures subsequent to Fig. 13, used population value data. 
Data within each experiment were compared to their individual 
15 
expcrifflcntal vnlues of Ofs' at ti~e : 240 min. which represent final 
sampling times. All figures represent the means of three experiments 
with standard error bars calculated by s(n-0.5). 
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Fig. 2. Fluorescence micrograph of C. reinhardtii vegetative cells stained with mithramycin. Scale bar ;-10 um. 
17 
Fig. 3. Fluorescent micrograph of C. reinhardtii vegetative cells stained with mithramycin. Both nuclear and extranuclear DNA are apparent, the extranuclear DNA in juxtaposition to the pyrenoid. Scale bar = 10 um. 
18 
Fig. 4. Fluorescence micrograph of~ reinhardtii gametic cells. Pyrenoids are less evident and extranuclear DNA appears concentrated in discrete areas (cf Figs, 2 and 3), Scale bar = 10 um. 
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Fig. 5. Fluorescence micrograph of a mating mixture of C. reinhardtii, containing gametes and zygotes 30 min. post initial gametic mixing. The tetraflagellate zygote in the center of the micrograph (arrow) has fusing nuclei. Bar= 10 um. 
20 
Fig. 6. Fluorescence micrograph of a 30 min. mating mixture of~ reinhardtii showing a zygote with a DNA bridge between nuclei initiating fusion (arrow). Bar = 10 um. 
21 
Fig. 7. Fluorescence micrograph of a 60 min. mating mixture of C. reinhardtii. Laterally fusing gametes and fully spherical zygotes are in evidence. Bar= 10 um. 
22 
Fig. 8. Fluorescence micrograph of a 60 min. mating mixture of C. reinhardtii. Bar= 10 um. 
23 
Fig. 9. Fluorescence micrograph of a 240 min. mating mixture with all stages of mating in evidence. Chloroplast nucleiods show typical high resolution of this time period. Bar= 10 um. 
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Fig. 10. Fluorescence micrograph of a clump of zygotes from a 240 
min. mating mixture of C. reinhardtii. Bar= 10 um. 
25 
Fig. 11. Fluorescence micrograph of a 240 min. mating mixture showing typical high resolution of chloroplast nucleoids while underscoring the problem of distinguishing zygotes from gametes on film. Bar= 10 um. 
26 
Fig. 12. Fluorescence micrograph of 24 hr. zygotes which were matured in the liquid 1 /2 HSM-NF mating medium. Chlorophyll fluorescence is less diffuse. Extranuclear DNA is in evidence. Bar= 10 um. 
27 
Fig, 13, Fluorescent micrographs of 24 hour zygotes matured on 1/2 HSM agar, cf. Fig, 12. Two extranuclear fluorescent spots and a 
structure corresponding to the pyrenoid can be seen, Bar= 10 um. 
28 
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Fig. 14. Mating Efficiency of C. reinhardtii gametes over time (See Methods). 
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Fig. 11,. Mating Efficiency of C. reinhardtii gametes over time (See 
1·:ethods). 
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Fig. 15. The number of binucleate zygotes in the zygote population at 
specific sampling times (See Methods). 
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Fig. 16. The number of uninucleate zygotes, Zu , {synkaryons) expressed as a function of the zygote population a€ 240 min., QFS' final {See Methods). The solid line represents accumulation. The broken line represents the rate of formation. 
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Fig. 16. The number of uninucleate zygotes, Zun• (synkaryons) 
expressed as a function of the zygote population at 240 min., QFS' 
final (See Methods). The solid line represents accumulation. The 
broken line represents the rate of formation. 
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Fig. 17. Zygote formation, QFS', uninucleate zygote formation, Zuo', and binucleate zygote population, ZQi' as a function of the zygote population at the final sampling time, QFS' final (See Methods). Astericks represent midpoints of periods of sharpest rate increase. 
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Fig. 17. Zygote formation, QFS', uninucleate zygote formation, Zun', 
and binucleate zygote population, ZQi' as a function of the zygote population at the final sampling time, QFS' final (See Methods). Astericks represent midpoints of periods of sharpest rate increase. 
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Fig. 18. Uni nucleate zygote formation, Zun', as a function of zygote formation, QFS', both in relation to the final zygote population at 240 min., QFS' final. 
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RESULTS 
OBSERVATIONS fROH FLUORESCENT EXAHINATION 
figures 3-15 represent mithramycin stained samples of various 
stages in the£.:. reinhardtii lifecycle. The deep green backround of 
figs. 3 and 9 results from blue light excitation in conjunction with 
yellow barrier filtration. Under these conditions, chlorophyll 
emission causes cell bodies to appear red. Mithramycin stained nuclei 
appear brillant yellow and are easily distinguished at all lifecycle 
stages examined. Other small extranuclear yellow spots are presumably 
chloroplast and perhaps, mitochondrial DNA. flagellar resolution 
under these conditions is rare. 
Vegetative cells (figs. 3 and 4) are oval with anteriorly 
positioned nuclei. The cells of Fig. 3. represent the progeny of a 
recent mitotic division with the fourth member occluded from view. 
The light region in the mid posterior of each cell corresponds to the 
location of the pyrenoid. Its light appearance may be due to the 
simple lack of red chlorophyll emission. The dark ring surrounding 
this area corresponds to the location of the starch plates. 
Fluorescent areas juxtaposed to the pyrenoid may represent chloroplast 
DNA ( cf. Ris and Plaut, 1962). 
Gametes (Fig. 5) have the same general appearance as vegetative 
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cells although the light area corresponding to the pyrenoid is much 
less pronounced, when evident at all. The lack or resolution may be 
due to numerous starch granules accumulated in the chloroplasts or 
gametes (Hartin and Goodenough, 1975). Small bright spots scattered 
throughout the chloroplast region correspond in size to the 
chloroplast nucleoids round with DAPI staining (Coleman, 1978, 
Kuroiwa, et al, 1982). Gametic cells vary in size as previously 
observed (Snell, 1982). 
Hating mixture samples may contain gametes, copulating pairs, 
fusing pairs, spherical binucleate prozygotes, zygotes with fusing 
nuclei and uninucleate synkaryons. Fusing nuclei may appear oval, 
dumbbell, eyeglass, smile or loaf shaped or may appear to have a 
bridge between them (Figs. 6-10). Nuclear fusion may occur within 30 
min. of gamete mixing (Figs. 6 and 7). By 60 min., zygotes with 
fusing nuclei are more abundant and mating is still vigorous, adding 
new binucleate zygotes to the population (Fig. 8 and 9). By 2ZIO min. 
(Figs. 10-12), mating has decreased substantially and most zygotes are 
engaged in or have completed the nuclear fusion process. Figures 10 
and 12 reveal the strong fluorescence of the extranuclear areas 
typically found in 2ZIO min. cell samples. Clumps of zygotes are in 
evidence by this period (Fig. 11). Due to the range of size and shape 
among gametes and zygotes and the lack of flagellar resolution, 
uninucleate synkaryons cannot be distinguished from gametes under all 
viewing conditions (Fig. 12). 
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Twenty-four hour zygot.es (Figs. 13 and 1'1) have grown 
significantly and may appear to have either an increased or a less 
diffuse chlorophyll fluorescence. Zygotes matured on agar C 1 /2 HSH) 
after 5 hrs. or matins (Fig. 14) are somewhat larger than those 
matured in liquid (1/2 HSH-NF) <Fig. 13). Liquid matured zygotes are 
frequently in clumps with attached walls. Twenty-four hour zygotes 
regularly have one large nucleus although a few binucleates have been 
observed. The majority or zygotes contain only two other fluorescent 
spots usually located in juxtaposition to a large light area 
surrounded by a dark ring. The similarity of appearance to the 
pyrenoid area of the vegetative cells is noted, suggesting that the 
fluorescent areas may be coalesced chloroplast nucleoids. Flagella 
are absent as expected from the previous observations of flagellar 
resorption by 5-8 hr. zygotes (Cavalier-Smith, 1974). Unmated gametes 
may dedifferentiate as division progeny are in evidence in 24 hr. 
samples matured on agar. 
QUANTITATIVE ANALYSES 
The zygote population was estimated from mating efficiency data 
based on ratios of biflagellate to quadriflagellate cells taken 
periodically during mating. The equation of Martin and Goodenough, 
1375, was used to construct a profile of mating efficiency ~s a 
function of time (Fig 15). This represents the percentage of the 
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original population which hos ongDgC?d 1n tho motlng process. Hotlns 
rate is h1shost during tho rirst 30 min., achieves stoady stato 
between 60 and 180 fflin. and thon declines further, prosW!lably due to 
rewer available gametes. 
Fig. 16 was constructed rrom direct counts or binucleate zygotes 
taken during rluorescent observation in conjunction with zygote 
population estimates. The proportion or binucleate zygotes/total 
zygotes decreases over time: the sharpest rate of decrease occured 
between the second and third hour after mating initiation. 
Figure 17 represents the proportion of synkaryons at each 
sampling point relative to total zygotes formed by the final sampling 
time of 240 min. The solid line indicates the accumulation of 
synkaryons during mating while the dashed line represents the rate of 
synkaryon appearance. Both accumulation and rate of zygote nuclear 
fusion increase over time until 3 hrs. post initial mixing. At this 
time, rate declines sharply and accumulation begins to level off. At 
the 240 minute time, 76 % of the zygote population is in mature 
uninucleate form. 
Fig. 18 includes zygote (QFs'), binucleate zygote (Zbi) and 
uninucleate zygote (Zun> population data in one graph for comparative 
purposes. Between O and 60 min., over 60 % of the zygote population 
(at time = 240 min.) has been formed. Only 8 % are synkaryons. 
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During the 60-120 min. period, new binucleate zygotes are added to the 
population at approximately the same rate as binucleate zygotes are 
removed by the syngamy process ( rate of OFs' = rate of Zun '). Dur ins 
the period between 120-180 min., zygote formation continues at its 
previous rate, but syngamy rate increases sharply, resulting in 60 S 
synkaryons. During the 180-2~0 min. period, rates of zygote formation 
and syngamy both decrease relative to the previous period. Maximum 
rate values (asterisks) represent only the midpoints during periods or 
sharpest rate increase. The maximum zygote formation rate may arise 
15 min. earlier than the 30 min. point (data not shown). The time 
between maximum rates of zygote formation and syngamy is in the range 
of two hours. 
Fig. 19 represents the relationship between zygote formation and 
synkaryon formation. During the first two sampling periods the 
relationship is non-linear, reflecting a sharp increase in zygote 
production but not in synkaryon formation. After 120 min., however, 
the relationship is linear, reflecting steady rate changes between the 
two processes. 
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DISCUSSION 
Syngamy is one in a cascade or developmental events initiated by 
the contact or sexual cells. It is necessarily dependent upon the 
processes which precede it: rlagellar agglutination, growth or the 
cytoplasmic tubule and lateral rusion or the gametes. Our findings 
suggest that once these events are completed and the prozygote has 
formed, there exists a lag period before syngamy occurs. This may 
indicate that some subcellular developmental event or series of 
events, as yet undescribed, must be completed before nuclei become 
contiguous. These events may include processes involved in nuclear 
orientation and migration as well as the actual fusion of the nuclear 
membranes and establishment of the diploid cell. The fact that some 
precocious zygotes require a very short lag time suggests that they 
may use an alternate mechanism or possess means to bypass certain 
events, perhaps by completing some portion of the processes before or 
during zygote formation. 
Under our conditions, the average zygote exists between 60 and 
120 min. before nuclear fusion occurs. Other investigators report 
varied observations, no doubt due to differences in laboratory 
handling: Levine and Ebersold (1960) reported 3.5-4 hrs., Levine and 
Folsome (1959)- 2.5-3 hrs., Cavalier-Smith (1976)-3 hrs., Kuroiwa, et 
al.(1982)-1-2 hrs. and Blank, et al.(1978)-1 hr. 
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It is not always clear if the reported values represent 
observations on single cells or cell populations: nor is it clear if 
they represent intervals from initiation of mating or from zygote 
formation to the time of nuclear fusion. Furthermore, it has not 
often been specified whether the values cited are averages or 
represent the first observation of nuclear fusion during mating 
experiments. 
Our asychronous mating mixture derived from plate grown 
gametes would be expected to give different values than synchronous 
mating systems derived from liquid culture gametogenesis (Kates and 
Jones, 1964, original). Morphological features of gametes differ 
under the two induction regimes (Hartin and Goodenough, 1975) and 
effects on the timing of nuclear fusion may be expected. 
Minimum and maximum intervals from gamete fusion until nuclear 
fusion are wide in range. We have found nuclear fusion at our 
earliest sampling time of 30 min. after gamete mixing. Blank, et al. 
(1978) report one serially sectioned zygote undergoing nuclear fusion 
within 15 min. of mixing opposite mating types. At the other extreme, 
we have encountered a small proportion of binucleate zygotes at 19-24 
hrs. post mixing. These zygotes, however, may be defective in nuclear 
fusion. 
If the rate limiting steps of syngamy include nuclear orientation 
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and migration, perhaps precocious zygotes may bypass some portion or 
these events. Once nuclei are deposited within the zygote cytoplasm, 
it is necessary that they be oriented with respect to one another. 
Orientation may be the direct result of gamete fusion. However, 
Friedmann, Colwin and Colwin ( 1968) reported that gamete fusion may 
occur in either the cis or trans position in relation to the basal 
body apparatus. As these positions differ by a 180 degree rotation, 
the nuclei must be oriented after the gametes have fused or, in one of 
the cases, they would be moving away from each other. We have seen 
nuclear fusion initiated by three nuclei in triploid zygotes. This 
could not be the direct result of any normal orientation mechanism. 
It appears that orientation is accomplished after the prozygote is 
formed, and therefore it is unlikely that this step may be bypassed. 
After orientation, nuclei must migrate to an adjacent position 
before membrane fusion may begin. Most prozygotes have a space 
between nuclei of roughly 1/4 the diameter of the cell. It seems 
obvious that some migratory mechanism is required. However, the 
migratory path of the nuclei may intersect the rims of the 
chloroplasts (see Fig 1., prozygote}. Studies report varied 
observations concerning the timing of chloroplast fusion vs. nuclear 
fusion. Cavalier-Smith ( 1970} reported synchronous chloroplast and 
nuclear fusion, Ladygin, et al. (1975} reported chloroplast fusion 
prior to nuclear fusion and Blank, et al. (1978) reported nuclear 
fusion prior to chloroplast fusion when examining serially sectioned 
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zygotes. Ir nuclear fusion precedes chloroplast fusion, then the path 
or the nuclei may be available rrom the time of prozygote formation. 
Perhaps precocious zygotes have less space between the nuclei when 
formed or have a clear path at an earlier time than normal due to some 
quirk or zygote format ion. 
It is not known whether nuclear fusion in Chlamydomonas is 
an active process requiring energy or a passive process occuring as 
the result of some other event. It is interesting to note that almost 
all ultrastructural studies of syngamy in these zygotes reveal many 
mitochondria in juxtaposition to the fusing membrane areas of the two 
nuclei. 
Of the possibilities for an active process, microtubules have 
most often been implicated in directed movement of nuclear organelles. 
The sea urchin system with its microtubule aster has become the 
prototype for many nuclear fusion studies. However, no extensive 
microtubule assembly has been located in the vicinity of the fusing 
nuclei of .f.!. reinhardtii during the many ultrastructural studies 
completed. Anti-tubulin immunofluorescent and microtubule inhibitor 
studies have not been reported for Chlamydomonas zygotes. Weeks and 
Collis (1979) noted that tubulin synthesis could not be induced in 
zygotes after 90 min. However, cellular tubulin may be available from 
a cytoplasmic pool or from microtubule turnover. Microtubule turnover 
would have to come from secondary cytoplasmic microtubules as 
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f lagel lar and root tubul in would not bC' available unti 1 their 
degradation at 5-6 hrs. post mixing (Cavalier-Smith, 19710. The 
polymerization or tubulin into a functional microtubule assembly would 
require only a short time period. This could be proposed as a 
mechanism consistent with the range of time for syngamy which we have 
observe~ However, without some formation of microtubules located 
within the fusion region, the possibility of this type of mechanism 
acting inc. reinhardtii remains remote. 
The possible involvement of microfilaments remains to be 
explored as motive force in cells is often attributed to microfilament 
action. Although no microfilament bundles have been located in the 
nuclear vicinity of~ reinhardtii zygotes, specific experiments 
involving heavy meromyosin decoration, anti-actin immunofluorescence 
or cytochalasin B inhibiton have not been reported. Actin in the 
cytoplasmic tubule has been reported (Detmers and Goodenough, 1980). 
These filaments may extend far into the(-) gamete. No specific role 
in nuclear fusion has been assigned to these elements, however the 
possibility remains open. 
Observations of mass proliferations of endoplasmic reticulum 
in contact with the leading edge of fusing nuclei have been noted in 
~ reinhardtii, Gossypium (Jenson, 1964) and Bryopsis (Urban, 1969). 
Synthesis of proteins does occur in zygotes (Weeks and Collis, 1979) 
and it is presumed that the ribosome studded ER serves this purpose. 
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Ir the ER ploys some eorly role in the nucleor ruslon process, perhaps 
it is by orienting the nuclei through some synthesized protein 
grodient. It seems reasible thot once the ER rrom each nucleus is in 
contact, orientation would be established. The role ror ER during 
outer and inner nuclear membrane rusions may be to provide membrane 
components ror the new diploid nucleus. 
A role for ER in migration is more difficult to envision 
unless ER provides only a stabilizing factor once nuclei are close. 
The fusing of the two ER systems may provide an anchoring function 
against which nuclear tubulin or actin may work to force internal 
nuclear constituents to flow in the direction of the anchor or bridge. 
This type of mechanism would require energy but not an external array 
of cytoskeletal elements for fusion purposes. The time required might 
depend upon the amount of ER proliferation before contact is 
established. 
The role of ca++ ions in regulating whatever mechanism 
exists for nuclear fusion in C. reinhardtii deserves exploration. 
Fertilization in animal systems is accompanied by an explosive wave of 
free ca++ ions within the egg (Jaffe, 1980). Recent evidence suggests 
a ca++ ion redistribution event during initial mating activities 
in h reinhardtii (Kaska, et al., 1984). Cytoskeletal activities, 
nuclear activities and membrane fusion events (exocytosis, gamete 
plasma membrane, etc.) are known to be sensitive to ca++ ion 
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conccnt.rat.lon (Cheung, 1982). It seems plausible, therefore, t.hat. a 
correlation bet.ween the events of nuclear fusion and the ca•• ion 
events following the mating stimulus may exist. 
This type of study sets a baseline for the normal sequence of 
population events of zygotic nuclear fusion. Using such baseline 
assays, perturbations of the system such as the addition of specific 
inhibitors may be gauged. These probes wi 11 provide further 
information on the mechanism and regulation of syngamy, leading to the 
elucidation of this complex phenomenon in systems less advanced than 
those of animal fertilization. 
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